In shallow water, and specifically for minimum structures, the critical wave height exponent α has been shown to vary significantly with structural configuration (Tuty, et al., 2001). Because of the strong relationship to the wave kinematics, α is also sensitive to the wave theory chosen. The North West Shelf offshore Australia has numerous minimum structures located in relatively shallow water, which requires non-linear wave theory. In the near-breaking condition, estimation of the wave crest kinematics is difficult, with Stream Function theory being the most widely used. However, various other wave theories and non-linear numerical techniques have been developed to predict wave kinematics for shallow water conditions. The following wave theories are compared: regular Stream Function theory (Dean, 1965) , Cnoidal wave theory (Chappelear, 1962) , Stokes' theory (Stokes, 1847), NewWave theory (Tromans, et al., 1991) and a second order correction to NewWave theory described by Taylor (1992) . Kinematics, loads and α results are presented for a cylinder in three different water depths.
INTRODUCTION
In evaluating the storm overload reliability of offshore platforms, it is essential to be able to quantify and understand the variability of the environmental load. For platforms where wave loading dominates, the relationship between the maximum environmental load and the maximum wave height can be expressed as:
where E n = normalized loading = E p /E b H n = normalized wave height = H p /H b E p = environmental loading at a given return period E b = environmental loading at the base return period H p = wave height at a given return period H b = wave height at the base return period
Here H b and E b are set at the return period used for design of the platform (taken as the 50-year return values).
The wave height exponent α is indicative of the steepness of the load exceedence curve of the platform. It thus influences the loading uncertainty and consequently the reliability of the structure. It is therefore important to assess the sensitivity of α to various parameters.
Research has confirmed that α varies with platform water depth, structural configuration and member diameters (Ronalds, et al., 2001a; Tuty, et al., 2001) . For example, dragdominated platforms are more likely to experience higher α values when compared with inertia-dominated platforms. This can be explained by considering the Morison equation. For drag-dominated platforms, the hydrodynamic force changes in proportion to the square of the velocity, compared to the more linear changes of the acceleration that influence inertiadominated platforms.
For fixed offshore platforms, the structural resistance typically increases towards mudline to match the increasing environmental loading. Recent research has demonstrated that α also varies down the structure, increasing upwards towards stillwater level (Ronalds, et al., 2000) . The critical location where failure occurs under storm overload is thus dependent on the distributions of the environmental loading, the structural resistance and α down the water column (Ronalds, et al., 2001b) . This implies that traditional design practices (such as pushover analyses or level I reliability analyses), that are generally couched in terms of base shear or overturning moment (OTM), may not reflect the true reliability of the structure.
When the environmental loading is largely dependent on the wave kinematics, α may also be expected to be sensitive to the choice of wave theory. In this paper the influence of a variety of wave theories on α is investigated. A comparison of the new generation spectral wave theories, such as NewWave (Tromans, et al., 1991) and the Taylor 2 nd order correction to NewWave (Taylor, 1992) , is made with established regular wave theories prescribed in the API-RP2A design guidance (API, 1993). For reliability analyses it is necessary not only for the design loading to be estimated accurately, but also the variability of the wave loading with return period.
The structure considered in the paper is a simple vertical cylinder. The variation in the wave height exponent down the cylinder is examined for several shallow to moderate water depths where different wave theories are applicable. The principal environmental loading parameters of interest are the bending moment and shear force induced in the cylinder.
WAVE THEORIES

Stream Function Theory and Stokes' Theory
Current design procedures to estimate the wave loading on a structure are generally based on regular wave theories, with API RP2A recommending the use of Figure 1 (Chakrabarti, 1987) , using a series of trigonometric functions that satisfy the Laplace equation. Stokes, on the other hand, uses the perturbation approach with its higher order series to accurately satisfy the free surface condition.
Figure 1
Regions of applicability of current accepted regular wave theories (API, 1993)
Cnoidal Theory
Cnoidal theory describes a periodic wave that typically has sharp crests separated by wide troughs. The third order approximation is utilized in this paper (Chappelear, 1962) . The Cnoidal theory is applicable for finite amplitude, long waves of permanent form in shallow water. For comparison, Stokes wave theory is applicable when the ratio of depth to wavelength d/L is greater than about 0.1-0.125, whereas Cnoidal wave theory is suitable when d/L < 0.125 and with a Ursell parameter value greater than 26 (Chakrabarti, 1987) . Prior to the development of Stream Function theory, Cnoidal theory was often utilized for shallow water.
NewWave Theory
The regular wave theories of Figure 1 are an oversimplification of the random process of the sea. For certain engineering applications, such as dynamically responding structures, modelling the irregular sea as a single wave profile with a single frequency can lead to inaccurate estimates of the maximum response. In such situations, time domain simulation of a pseudo-random ocean surface is advocated. However, such simulations are expensive in both computing and human time. This led to an approach proposed by Tromans, et al. (1991) that not only accounts for the wave energy spectrum but is also deterministic. NewWave is thus a more "realistic" description of the physical processes that occur under extreme crests when compared to traditional deterministic linear wave theory.
In NewWave theory, by assuming that the surface elevation can be modelled as a Gaussian random process, the expected elevation at an extreme event (in this instance, the crest) can be theoretically derived. The surface elevation around this extreme event is modelled by the statistically most probable shape associated with its occurrence and is given by the autocorrelation function of the Gaussian process defining the sea-state. Therefore, the spectral content is considered but only using linear waves.
Second order corrections to NewWave, which account for both the spectral content and some non-linearities, have been suggested by several authors (Taylor, 1992; Jensen, et al., 1995 , Jensen, 1996 . By accounting for the effects of short waves riding on longer waves, both the free surface elevation and the horizontal fluid velocities can be modelled to second order.
STUDY PARAMETERS
The various wave theories are applied to a single vertical cylinder of 1 m diameter in three different water depths: 30, 42 and 70 m. The water depth and design wave conditions analyzed are superimposed onto Figure 1 . As certain wave theories have limiting assumptions, they are only applicable to one or two of the water depths. Table 1 indicates the theories used. 
denotes wave theories recommended by API (1993) Table 2 details the hydrodynamic coefficients employed. The rough hydrodynamic coefficients are applied below stillwater level and the smooth coefficients above, as recommended by API (1993) . No current or marine growth is included in the modelling. The wave spectrum parameters used reflect typical spectra for tropical cyclones on the North West Shelf offshore Australia. To reduce the complexity of the comparison between spectral wave theories and regular wave theories, no spreading is considered. Furthermore, very little wave spreading occurs in extreme conditions on the North West Shelf (Buchan, et al., 1999) making the assumption reasonable for this region. For the NewWave analyses, delta stretching is used to determine the kinematics at the free surface (Rodenbusch and Forristall, 1986) , with parameters detailed in Table 3 . The empirical corrections used to calculate the kinematics (delta-stretching and the Taylor 2 nd order correction) were derived for deep water conditions. This must be considered when interpreting the results, especially for the shallowest case. To facilitate comparison between the spectral theories and the regular wave theories, crest elevations are matched (Rozario, et al., 1993) . The NewWave and Taylor 2 nd order predictions are based on the corresponding crest elevation of the Stream Function wave theory in the three different water depths.
For each wave theory, α is calculated for both shear force and bending moment using a quasi-static analysis. For single column structures, the α value for bending moment is critical for failure. However, such conditions may differ for multilegged platforms (Ronalds, et al., 2001a) .
Various programs were used to perform the analyses, including: STRUCAD*3D, SESAM, FOURIER, and JAKUP. Whilst some of these packages are commercially available, JAKUP is a non-linear structural analysis program for offshore applications developed at the University of Oxford (Thompson, 1996 , Williams, et al., 1998 Cassidy, 1999) . Where possible, validity checks were performed to confirm that the different programs were in agreement. In particular, the predictions of Fenton Fourier waves (Fenton, 1988 ) were found to be very similar to those of Stream Function theory in STRUCAD*3D and SESAM. Figure 2 illustrates the non-dimensionalized relationship between overturning moment at mudline and wave height in 30 m water depth. Three different wave theories are included -Stream IX, Stokes V and NewWave. The relationships are all approximately linear on a log-log scale, indicating the validity of Equation (1). Figure 2 shows that, at least at mudline, the variability in bending moment with return period is similar for the three wave theories. However, it may be incorrect to generalize this observation to other parameters, as highlighted below. Figure 3 at the end of the paper gives the horizontal particle velocities at the crest of the design wave for the three water depths. In 30 m water (Figure 3a) , the velocity profiles are quite different for the different theories, both in magnitude and rate of change. Cnoidal theory shows the greatest variation down the water column, with NewWave being considerably more uniform.
Introduction
Wave Velocities
In deeper water, the discrepancy between the theories is much reduced. As expected, Stream III and Stokes V predict the same results in 70 m water. The NewWave and Taylor 2 nd order kinematics are also very similar to the regular wave theories in this case.
Environmental Loads
The varying kinematics translate into different distributions of maximum shear force and bending moment down the cylinder, as shown in Figures 4 and 5 and Table 4 . NewWave predicts higher loads than the regular wave theories. The variations from Stream Function theory are significant: 30-40 % for overturning moment and 33-70 % for base shear. However, as the water depth increases, the differences narrow, with Taylor 2 nd order giving a close upper bound estimate of Stokes V and Stream III in 70 m water. Figures 6 and 7 give the distributions of the wave height exponents for bending moment and shear force down the cylinder. Values at mudline and stillwater level are compared in Table 5 . The results demonstrate that α varies with wave theory, loading type, water depth and vertical position along the structure.
Wave Height Exponents
It is observed first that the α values predicted in shallow water cover a wide range; the good agreement in the particular example of Figure 2 between Stream, Stokes and NewWave thus appears to be quite fortuitous. Cnoidal theory predicts the largest α values in this case, but all values are considerably higher than typical values of around 2-2.5 quoted in the literature (eg. Bea, 1992; Moses and Larrabee, 1988; Frieze, et al., 1994) . The exponents are generally higher for bending moment than for shear force and are seen to increase as the water depth decreases.
In moderate water depths, α is relatively constant through much of the water column, but increases rapidly close to the water surface. However, α is much more non-uniform in shallow water. 
DISCUSSION
The practical implications of these results are discussed in this section.
Water Depth
Regardless of which wave theory is used, α increases as the water depth decreases or, in other words, the environmental load increases more rapidly with increasing return period in shallow water. This implies that platforms in shallow water may have lower reliability than those in deeper water, when designed to the same code of practice. The partial load factors in API RP2A-LRFD (1993) can be modified to account for the additional uncertainties due to shallow water effects, thereby giving more consistent reliability.
Non-Uniformity of α α α α
Traditional pushover analysis is commonly based on the design wave loading, which is ramped up proportionally to collapse. However, this approach fails to consider the changing pattern of loading with return period. This nonproportionality may be very significant, as indicated by the highly non-uniform distribution of α through the water column in shallow water. In the idealized case when the cylinder has the same utilization factor throughout, failure occurs at the location where α is largest -and very high α values are possible near the water surface. These phenomena are not captured in a traditional pushover analysis, which may therefore overestimate the return period of failure significantly. It is important to modify the ultimate strength analysis approach for certain structural configurations in shallow water to take into account the non-uniformity of α.
Wave Theory
The magnitudes of both the environmental loads and α, and the non-uniformity of α, all vary depending on the wave theory chosen. In deeper water, where Stream III and Stokes V are recommended by API, Taylor 2 nd order predicts very similar results to these theories. However, in shallow water, both NewWave and Taylor 2 nd order predict larger loads and a more uniform α profile compared to Stream Function. With the inclusion of the second order effect in the spectral wave theory, there is a decrease in the loading but an increase in the α values.
As observed by Rozario et al. (1993) , a second order correction to NewWave should be used for shallow water depths. Taylor's formulation is an empirical correction to second-order and therefore does not have a well-defined second-order stochastic form. Another recent development is the Conditional wave theory by Jensen et al. (1995) and Jensen (1996) . These formulae are derived from Stokes' second-order unidirectional waves in deep water. However, any moderately non-linear wave theory could be used to generate the statistical moments needed to depict the conditional mean wave description.
For minimum structures, dynamic effects may be critical. If also located in shallow water, the incorporation of higher order effects into the wave loading used in random time domain analysis is of importance, and further development of these theories is desirable.
CONCLUSIONS
Wave kinematics, loadings, and wave height exponents α are presented for a cylinder in three shallow to moderate water depths. The sensitivity of α to wave theory as well as vertical location on the cylinder is demonstrated.
The wave conditions assumed are typical of those applicable for design of platforms on Australia's North West Shelf, where there are already many monopods and other minimum structures located in relatively shallow water depths. To ensure comparable reliability with deep water platforms, the following considerations are suggested for these structures:
• The increase of α in shallower water depths should be reflected in the use of higher partial load factors • The design should account for the significant nonuniformity of α vertically down the structure • The use of linear spectral wave theory may not be appropriate, and higher-order theories are recommended • For dynamically sensitive structures, there is an ongoing need for the development of fully non-linear wave loading within time domain simulations, or non-linear spectral wave theories, as tools to determine the structural response. 
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